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57 ABSTRACT 
A controller including a closed loop servo system for a 
laser, or other entity is capable of substantial reductions 
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in predictable, periodic noise such as the line noise in 
duced by the source of alternating current electrical 
power, and in random noise as well. The servo circuit 
includes resources which develop a stored version of 
the predictable noise and uses the stored version of the 
predictable noise to compensate for the predictable 
noise. According to another aspect, the servo circuit 
includes resources which automatically adjust loop gain 
as gain in the entity being controlled and the loop as a 
whole system varies. The resources which generate the 
stored version of the predictable noise may be operated 
in either analog or digital formats. The sampling re 
Sources include, in an analog/digital embodiment, a 
plurality of charge holding devices, Multiplexing cir 
cuitry is coupled to the charge holding devices, and 
connects a selected charge holding device to a sample 
node which receives the feedback signal. Control cir 
cuits control the multiplexing circuitry to switch, in 
sequence, the plurality of charge holding devices to the 
sampling node in synchronism with the predictable 
periodic noise so that a stored version is developed in 
the plurality of charge storage devices. In addition, the 
servo circuit includes resources which automatically 
adjust loop gain as the slope of the laser system varies, 
which substantially reduces both random and periodic 
O1Se. 

28 Claims, 10 Drawing Sheets 
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NOISE REJECTION CIRCUITRY AND LASER 
SYSTEM USING THE SAME 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates to noise rejection based 

upon closed loop servo systems, such as those used to 
control the output power of ion lasers. 

2. Description of Related Art 
Many ion lasers employ a cathode that is heated by a 

source of alternating electrical power, such as com 
monly available through wall outlets. The fields caused 
in the cathode heated by this alternating current induce 
a noise on the output beam which is periodic and sub 
stantially repeatable and therefore predictable. The tube 
also produces other noise, most of which is random and 
unpredictable. 
To reduce both kinds of noise in prior art systems, a 

closed loop servo has been utilized. However, it is often 
desirable to further reduce the noise, since the noise can 
interfere with the laser's intended use. Some uses are 
especially degraded by the presence of periodic noise. 

Historically, companies have employed a light detec 
tor to detect the light output of the laser. The light 
output signal is typically fed into a closed loop servo 
control system which fluctuates the current through the 
ion laser tube in order to: (1) reach the desired power 
output level, and (2) reduce unwanted noise superim 
posed on the laser beam, especially the line related noise 
caused by the AC heating of the cathode. Throughout 
the laser industry, the line noise on the beam has been 
reduced to specified levels ranging from about 0.1% 
peak to peak, to about 1% peak to peak. However, 
many applications require greater reduction of noise on 
the output beam. 
There is much work in the field of adaptive noise 

cancellation, for example, related to noise generated by 
automobiles, airplanes, and in factories near heavy ma 
chinery, and in the field of computer modems. One 
prior art system for handling predictable noise in servo 
systems is known as the least-mean-square algorithm, or 
LMS algorithm. See, Widrow, et al., ADAPTIVE SIG 
NAL PROCESSING, Prentice-Hall 1985, Ch. 6, pp. 
99-101. For instance, the Widrow text describes one 
technique for cancelling line noise in electrocardiogra 
phy (see p. 329, et seq.). However, this approach is 
based on the use of recursive adaptive filters, which are 
somewhat processing-intensive. Widrow, et al., Ch. 12, 
pp. 302-331 (see FIG. 12.1 on p. 304, in particular). 

In the ion laser field, the ability of a typical laser 
servo loop is limited further because of the requirement 
of retrofitability of the laser head with different power 
supplies in the field. The head and power supply are 
usually separable from one another. The slope of the 
laser bean output (light output per amp of current 
through the tube) is directly reflected in the servo loop, 
and directly affects the gain/bandwidth of the servo 
loop for controlling the noise. This slope varies (most 
importantly) due to: (1) ordinary variability in manufac 
turing, (2) aging, (3) the power level used by the cus 
tomer, and (4) optics. Servo loops for commercial laser 
systems are typically adjusted to work at maximum 
current with a laser having maximum slope to insure 
retrofitability. However, a customer may use the system 
at low power or may have a tube that has lower than 
optimal slope. The lower slope in the laser tube causes 
a lesser noise rejection capability in the servo loop. The 
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2 
gain/bandwidth of the resulting closed loop may be 
reduced by a factor of 10 or more as compared to what 
could occur if the servo loop were properly adjusted. 

Accordingly, it is important to provide a laser system 
controller which is capable of reducing line frequency 
noise beyond current standards, and which optimizes 
performance of servo loops for a wide variety of com 
mercial laser systems. 

SUMMARY OF THE INVENTION 

The present invention provides a controller including 
a closed loop servo system for a laser, or other entity to 
be controlled, which is capable of substantial reductions 
in predictable, periodic noise, such as the line noise 
induced by the source of alternating electrical power. 
In addition, the system is capable of automatically ad 
justing the gain of the loop as the slope in the laser beam 
varies with operating conditions. 

Accordingly, the present invention can be character 
ized as a controller for a system generating an output 
subject to noise which includes a power driver coupled 
to the system which supplies power to the system, an 
output light signal monitor coupled to the system, and 
generating a feedback signal indicating a characteristic 
of the output of the system; and a servo circuit coupled 
to the output signal monitor and the power driver 
which controls the power driver to compensate for 
noise reflected in the feedback signal. The servo circuit 
includes resources according to the present invention 
which develop a stored version of the predictable noise 
and which use the stored version of the predictable 
noise to compensate for the predictable noise. 
These resources which generate the stored version of 

the predictable noise may be controlled in either hard 
wired circuitry or by a programmed processor. Also, 
the stored signal may be developed and stored in analog 
components, such as capacitors, or may be developed 
and stored digitally. 
The sampling resources include, in one system, a 

plurality of charge holding devices, each having a first 
terminal coupled to a reference potential, and a second 
terminal. Multiplexing circuitry is coupled to the sec 
ond terminals of the plurality of charge holding devices, 
and connects the second terminal of a selected charge 
holding device to an output of the multiplexing cir 
cuitry. The output of the multiplexing circuitry is cou 
pled to a sample node which receives the feedback 
signal. Control circuits control the multiplexing cir 
cuitry to switch, in sequence, the plurality of charge 
holding devices to the sampling node in synchronism 
with the predictable periodic noise so that a stored 
version is developed in the plurality of charge storage 
devices. A loop sunning junction is coupled to the 
sample node which injects voltage developed at the 
sample node into the error compensation component of 
the servo loop. 
The control circuits coupled with the multiplexing 

circuitry are coupled with the source of alternating 
current, and include timing circuitry which generates a 
clock signal for controlling the multiplexing circuitry in 
response to the source of alternating current. 
According to another aspect of the present invention, 

a system controlled by the servo loop is a laser, or more 
particularly an ion laser having a cathode which is 
heated by the source of alternating electrical current. 
The predictable periodic noise is induced in the output 
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bean of the laser systern through the heating of the 
cathode, or by some other mechanism. 
According to one aspect of the present invention, the 

servo circuit also includes a relatively broad band loop 
compensation network tending to cause the error com- 5 
pensation component of the loop to cancel partially the 
relatively unpredictable noise in the output of the sys 
tem and also the predictable periodic noise. The servo 
circuit includes resources which automatically adjust 
loop gain of the broad band servo circuit as the slope of 10 
the laser beam varies. This second aspect reduces both 
predictable and unpredictable noise. A system accord 
ing to the present invention having the automatic gain 
control and the synchronous noise reduction added to 
the servo controller produces superior performance and 
manufacturability. 
Although the invention can be accomplished in either 

analog or digital components, or a combination of the 
two, a simple analog/digital embodiment, which is rela 
tively inexpensive and reliable, can be achieved. The 
system does not require a complicated computer system 
in order to further reduce the predictable noise in a 
control system. 
Other aspects and advantages of the present inven 

tion can be seen upon review of the figures, the detailed 
description, and the claims which follow. 

BRIEF DESCRIPTION OF THE FIGURES 

FIG. 1 is a schematic block diagram of a laser power 
supply servo according to the present invention. 
FIG. 2 is a simplified block diagram of the synchro 

nous error regenerator used with the servo system of 
FIG. 1. 
FIGS. 3, 4, 5, 6, and 7 together make up an electrical 

schematic diagram for the servo loop of FIG. 1. 
FIG. 8 illustrates an alternative configuration for a 

servo system according to the present invention. 
FIG. 9 is a block diagram of yet another alternative 

implementation of the present invention. 
DETAILED DESCRIPTION 

A detailed description of preferred embodiments of 
the present invention is provided with reference to the 
figures, in which FIG. 1 provides an overview block 
diagram of a servo controlled laser system according to 
the present invention. In FIG. 1, the entity to be con 
trolled is an ion laser tube 20, having a cathode 20a 
which is heated by the power line AC current source 
20b. Thus, a 50 Hz or 60 Hz noise is induced in the 
output of the ion laser. The present invention is also 
applicable to other entities which can be controlled, and 
suffer a predictable, periodic noise. 
The servo loop shown in FIG. 1 is connected to 

control a power driver 18 for the ion laser tube 20. The 
power driver 18 supplies current to induce plasma in the 
laser tube which in turn produces a laser beam. The 
output of the laser tube 20 is monitored using standard 
power monitoring techniques known in the art in an 
output signal monitor, schematically illustrated as 22. 
The output of the output signal monitor 22 is a signal on 
line 23 which is fed back through a summing junction 
24. The other inputs to the summing junction 24 include 
a control command on line 10 which is used to set the 
desired output power of the laser tube 20. Also, a signal 
on line 14 from an automatic loop gain controller 12 is 
supplied as input to the summing junction 24. The out 
put of the summing junction 24 is an error signal on line 
11. This error signal is supplied to a synchronous error 
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4. 
regenerator 30 and to summing junction 13. Synchro 
nous error regenerator 30 develops a stored version of 
the synchronous error, in this case the 50 Hz or 60 Hz 
line noise, and supplies that stored version to the sum 
ming junction 13 across line 32. The synchronous error 
regenerator 30 develops the stored version in response 
to a synch signal 28 which is supplied in synchronism 
with the predictable, periodic noise. 
The output of the summing junction 13 is supplied to 

the automatic loop gain controller 12. The automatic 
loop gain controller 12 controls the gain of the loop 
automatically, in order to make sure that the loop is 
adjusted for optimum performance of the ion laser tube 
20. 
The automatic loop gain controller 12 operates by 

injecting a low frequency signal (approximately 12 Hz) 
across line 14 to the summing junction 24. The gain of 
the loop is determined by measuring the magnitude of 
the resultant low frequency signal on line 17. The resul 
tant low frequency signal on line 17 is detected by nar 
row band filter-detector circuitry, and fed to a multiply 
ing means to allow the overall loop gain to be adjusted. 
Loop gain can thus be precisely controlled. Thus, the 
overall loop gain can be controlled to compensate for 
variations in the slope of the ion laser beam 20, or other 
components of the servo loop. The signal on line 14 is 
typically a low frequency, low magnitude signal which 
has negligible impact on the output of the entity being 
controlled. However, because of the narrow band (typi 
cal bandwidth is 0.1 Hz) detection of the injected noise, 
it can be utilized to control overall loop gain. 
The output of the automatic loop gain controller 12 is 

supplied to a loop compensation network 16 which 
provides a fixed, relatively broadband error compensa 
tion for the loop. The output of the loop compensation 
network 16 is supplied to the power driver 18, and 
controls the power supplied to the ion laser tube 20 in 
response to the command in line 10 and an error com 
pensation component generated in the loop. The syn 
chronous error regenerator 30 supplies a component to 
the error signal which compensates for the very narrow 
band predictable periodic noise in the loop. This, in 
combination with the loop compensation network 16, 
provides a combination of relatively broad band com 
pensation, and narrow band compensation for control 
ling the power driver. Thus, in response to the feedback 
signal on line 23, the error compensation component is 
developed using the synchronous error regenerator 30, 
and the loop compensation network 16. 
The operation of the automatic loop gain controller 

12 can be understood with reference to the following 
explanation of the servo loop. In particular, the loop can 
be represented by equation 1, as follows: 

V*YK1*K2 
(AI/AV)*K3(AP/AI)*K4(AVFB/AP)=A (Eq. 1) 

where: 
Vis the input voltage online 10 setting the power for 

the laser, 
X is the gain provided by the automatic loop gain 

controller 12. 
K1 is a constant gain in the loop gain compensation 
network 16. 

K2 is a constant, 
AI is equal to the change in current at the output of 
power driver 18, 
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AV is the change in voltage on the input of power 
driver 18, 

K3 is a constant, 
AP is a constant AC noise injection generated by the 

automatic loop gain controller on line 14, 
K4 is a constant, and 
AVFB is the change in feedback voltage on line 23. 
The purposes of understanding the automatic loop 

gain controller, K1, K2(AI/AV) and K4(AVFB/AP) are 
constants. Thus, solving the equation 1 for the parame 
ter X yields equation 2, as follows: 

X'K3(AP/AI)=K5, or Y= K6(AI/AP) (Eq. 2) 

Because the circuitry injects AP at a constant level, 
the gain X of the automatic loop gain controller can be 
expressed as set out in equation 3, as follows: 

X-KTAI (Eq. 3) 

Therefore, block 12 multiplies the input voltage on 
line 13 by K7 times AI, maintaining the loop gain con 
stant. This provides automatic gain control for the loop, 
compensating for variations in the slope of the ion laser 
tube. 
FIG. 2 provides a simplified schematic diagram of the 

synchronous error regenerator 30 for the system of 
FIG. 1. The circuit receives the loop error signal from 
line 11 and generates a synchronous error signal on line 
33. The loop error signal on line 11 is supplied through 
amplifier 40 and across resistor 41 to node 42. Node 42 
is supplied through buffer 43 to line 33 and across resis 
tor 50 to line 32 which is coupled to the summing node 
13 in the system of FIG. 1. Node 42 is connected to a 
one of N multiplexer 44 having N inputs. Each of the N 
inputs is coupled to a capacitor 45-1, 45-2, 45-3, 45-4, .. 
. 45-N. Multiplexer 44 is controlled by the signal on line 
46 generated by counter 47. The counter 47 is clocked 
by the output of a phase locked loop 48. The input of 
the phase locked loop is a version of the predictable, 
periodic noise across line 49, which, in this case, is the 
AC power line (50 Hz or 60 Hz). Thus, in response to 
the clock signal generated at the output of the phase 
locked loop 48, the counter 47 controls the multiplexer 
to sequence through the capacitors 145-1 through 
145-N for each period of the predictable noise. Effects 
of the switching noise generated by the multiplexing 
circuits can be reduced by placing amplifier 40 (typical 
gain of amplifier 40 is about 30) to provide gain in front 
of the multiplexer 44. These capacitors with the multi 
plexer form a synchronous detector which develops a 
stored version of the predictable, periodic noise and its 
harmonics reflected on node 42, from the error signal 
while all other components of the noise are rejected. 
The signal on line 42 can thus be used to compensate for 
such noise in the servo loop. 
FIGS. 3-7 provide a detailed electrical schematic of 

one implementation of a servo loop, according to the 
present invention. 
The part numbers and values of the various compo 

nents of the circuit of FIGS. 3-7 are shown in the Fig 
ures. These values provide examples representative of a 
current design which is subject to modification for 
adaption to a particular system as known in the art. 
Unless noted otherwise, the capacitance values are in 
microFarads and the resistance values are in ohms. 

In FIG. 3, the basic loop structure is illustrated. The 
inputs to the loop include the command IPCMD on line 
10, the feedback signal FIB on line 23, and the injected 

10 

15 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

6 
signal AGC INJ on line 14 from the automatic gain 
controller. 
The feedback signal is supplied through resistor R131 

as input to op-amp U26A. Op-amp U26A is a unity gain 
inverting amplifier having resistor R132 in feedback. 
The output of op-amp U26A is supplied through resis 
tor R133 to the inverting input of op-amp U26B. The 
command signal on line 10 is supplied through resistor 
R134 to the inverting input of op-amp U26B. The in 
jected signal from the automatic gain controller is sup 
plied through resistor R147 to the inverting input of the 
op-amp U26B. Op-amp U26B has resistor R57 con 
nected in feedback. The output of the op-amp U26B is 
the summed error signal for the load on line 11. The 
junction of resistors R149 and R148 make up the sum 
ming junction 13 for the loop. The signal on line 11 is 
supplied across resistor R60 to the inverting input of 
op-amp U24A. Op-amp U24A has resistor R56 in feed 
back, and supplies its output on line 32 through resistor 
R148 to the summing junction composed of resistors 
R149 and R148. The inverting input of op-amp U24A is 
also driven across resistor R61 by the output on line 50 
of multiplier U26C. The multiplier U26C is a variable 
gain multiplier which is controlled by the signal AGC 
on line 51, which is supplied as illustrated in FIG. 7. The 
gain from node 52 and from node 11 to node 32 is con 
trolled by the multiplier U26C, as set by the AGC signal 
from line 51. 
The input to the multiplier U26C is the output of 

op-amp U25A, which includes a component based on 
the error signal on line 11 and a component based on the 
SYNCSIG at node 52 from the synchronous error re 
generator. The magnitudes of these components are 
determined by the relative values of the resistors R62, 
R63, and R64. 
The error signal on line 11 is also supplied across 

resistor R63 to the inverting input of op-amp U25A. 
Op-amp U25A has resistor R64 in feedback. The invert 
ing input of op-amp U25A is also driven by the signal 
supplied across resistor R62 from the output of op-amp 
U25B. The inverting input of op-amp U25B is con 
nected in feedback to its output. The positive input of 
op-amp U25B is connected through an RC filter com 
posed of capacitor C101 to ground and resistor R59 to 
a SYNCSIG node 52 which is developed as illustrated 
in FIGS. 4 and 5. Node 52 is connected across resistor 
R58 to line 11. R58 corresponds to resistor 41 of FIG.2. 
The output of the summing junction provided by 

resistors R149 and R148 is supplied at the inverting 
input of op-amp U29A. Op-amp U29A has capacitor 
C50 in parallel with resistor 103 and capacitor C33 in 
series, in feedback. This op-amp configuration provides 
the relatively broadband loop compensation network 
16. The output of the op-amp U29A is supplied across 
line 17, as the signal which is supplied to control the 
power driver 18 for the system of FIG. 1. 

In FIG. 4, the development of the SYNCH signal on 
line 28 of FIG. 1, the phase locked loop, and the count 
ers are shown. The SYNCH signal is generated using an 
antennae network composed of capacitors C13 and C12, 
resistor R10, and inductor L1. This network serves as 
an antennae to pick up the 60 Hz line noise for genera 
tion of the SYNCH signal. Diodes CR6 and CR7 oper 
ate as a clamping network to prevent spikes from enter 
ing the system. The op-amp U8A with resistors R11 and 
C15 in feedback, is coupled across resistor R12 and 
capacitor C16 in series to the input of op-amp U8B. 
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Resistor R15 and capacitor C17 are connected in feed 
back for op-amp U8B. This provides two bandpass 
filters in series to isolate the 60 Hz signal. The output of 
op-amp U8B is connected across resistor R16 to the 
input of op-amp U9. Op-amp U9 is connected as a com 
parator to generate basically a square wave output at 60 
Hz, having resistor R19 in feedback, with the trigger 
value set by resistors R17 and R18. 
The 60 Hz signal is supplied at the output of op-amp 

U9 to the SIGIN input of the phase locked loop chip 
U10. This chip is configured according to design speci 
fications set out by the manufacturer. The output of the 
phase locked loop is a 2880 Hz signal VCOOUT. The 
signal is supplied to the clockinput of counter U13. The 
counter U13 is configured as a divide by 8 counter. 
Because the output of the phase locked loop is 2880 Hz 
as configured, counter U13 generates a signal at 360 Hz 
on pin Q3. The signal is connected to be fed back across 
resistor R25 to the COMP input of the phase locked 
loop. The value resistor R25 is very large in this em 
bodiment, so that the effect of this feedback to the 
COMP signal is negligible. The control of the COMP 
signal is provided by the signal across resistor R20 as 
described below. By reversing the value of the resistors 
R25 and R20, the implementation described can be 
made to operate to sample either 60 Hz or 360 Hz noise. 
However, the embodiment described is a 60Hz embodi 
ment. (Line frequency in the U.S.A. is 60 Hz and in 
most other countries, 50 Hz. The circuit can be adapted 
to either frequency.) 
The signal on output Q3 of control U13 is supplied to 

the clock input of Johnson counter U12. The outputs 
Q0-Q6 of the Johnson counter U12 are pulsed in se 
quence at the 360 Hz rate. Thus, the outputs Q0 and Q3 
of the Johnson counter U12 drive the square wave 
generator composed of NOR gates U11A and U11B. 
The output of the NOR gates U11A and U11B is sup 
plied across resistor R20 to the COMP input of the 
phase locked loop. This causes the phase locked loop to 
oscillate at 2880 Hz with a 60 Hz input. 
The signals from the outputs Q0-Q6 of the Johnson 

counter U12 are coupled through inverters U27A to 
U27F, respectively, to lines 60-1 through 60-6, respec 
tively, which are coupled to the circuit in FIG. 5 as 
described below. 
The outputs Q1-Q3 on lines 61 of the counter U13 are 

also supplied to the circuit of FIG. 5. 
The circuit of FIG. 5 shows the multiplexing cir 

cuitry and the capacitors used to develop the stored 
version of the 60Hz line noise. The signals 60-1 through 
60-6 are coupled to inhibit inputs of analog multiplexers 
U14, U17, U15, U18, U16, U19, respectively. Each of 
the multiplexers U14 through U19 is an 8:1 multiplexer 
having 8 capacitors connected to its inputs. Each of the 
capacitors has a first terminal coupled to a reference 
supply (ground in this case) and a second terminal cou 
pled to one of the multiplexer inputs. Thus, capacitors 
C22-C29 are coupled to the inputs of multiplexer U14. 
Capacitors C30-C37 are coupled to the inputs of multi 
plexer U15. Capacitors C38-C45 are coupled to the 
inputs of multiplexer U16. Capacitors C46-C53 are 
coupled to the inputs of multiplexer U17. Capacitors 
C54-C61 are coupled to the inputs of multiplexer U18. 
Capacitors C62-C69 are coupled to the inputs of multi 
plexer U19. 
The outputs Q1-Q3 of the counter U13 in FIG. 4 are 

supplied on lines 61. These lines are distributed to the A, 
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8 
B, and C select inputs on each of the multiplexers U1 
4-U19, as illustrated. 

In operation, during a first one-sixth of a 60 Hz cycle, 
multiplexer U14 is enabled. Thus, the SYNCSIG line 52 
is coupled to capacitors C22-C29 in sequence at a rate 
of 2880 Hz, or 1 for each one-eighth of each one-sixth of 
a 60 Hz cycle. During the second one-sixth of the 60Hz 
cycle, multiplexer U17 is enabled, and capacitors 
C45-C53 are switched onto node 52. During the third 
one-sixth, multiplexer U15 is operable to drive node 52. 
During the fourth one-sixth of the 60 Hz cycle, multi 
plexer U18 is enabled to drive node 52. During the fifth 
one-sixth of the 60 Hz cycle, multiplexer U16 is enabled 
to drive node 52. Finally, during the last one-sixth of the 
60 Hz cycle, multiplexer U19 is connected to drive node 
52. A larger or smaller number of capacitors could be 
used as suits a particular application. 

Thus, capacitors C22-C59 develop a stored version 
of the predictable, periodic noise from the error signal, 
as reflected on node 52. The signal is reinjected into the 
loop, as described above, to compensate for such noise 
in the output of the entity to be controlled. 
FIGS. 6 and 7 illustrate the automatic gain control 

circuitry for the system of FIG. 1. In FIG. 6, a circuit 
for injecting a small sample, into the feedback loop on 
line 14 consists of the oscillator U21 set up so that out 
put Q6 oscillates at 12 Hz in the embodiment described. 
The Q6 output of the oscillator is supplied on line 70 
through the low pass network consisting of resistors 
R29-R31 and capacitors C76-C78. The output of the 
low pass network is supplied on line 14 as the injected 
signal to the summing node through resistor R147, as 
shown in FIG. 3. 
The oscillator U21 develops outputs on Q4-Q6 

which are used to drive analog multiplexer U20. Analog 
multiplexer U20 has capacitors C70-C73 coupled to its 
first four inputs to develop a stored version of a half 
cycle of the injected noise. This is a synchronous error 
regenerator used for detecting the amplitude of the 
injected noise in the loop, as described below. 
The output of U29A of the loop compensation net 

work 16 of FIG. 1 is generated as shown in FIG. 3, and 
is supplied online 17 back to the automatic gain control 
ler, as described above. Line 17 is supplied as an input to 
the filtering stages in the automatic gain controller 
made up by the sequence of op-amps U22A, U22B and 
U22C of FIG. 6. First op-amp U22A has resistor R33 
and capacitor C80 in feedback. Its input is received 
through capacitor C79 and resistor R32. The output is 
supplied through capacitor C81 and resistor R34 to the 
second stage op-amp U22B, having resistor R35 and 
capacitor C82 in feedback. The output of the second 
op-amp U22B is supplied through capacitor C83 and 
resistor R36 to node 71. Node 71 is coupled to the out 
put of the analog multiplexer U20 to develop a stored 
version of the resultant of the injected noise on line 17, 
FIG. 3. Node 71 is coupled through resistor R37 to 
buffer formed by op-amp U22C, with capacitor C84 
connected between the input of op-amp U226 and 
ground. The output of the op-amp U22C is supplied to 
an absolute value generator composed of the parallel 
op-amps U23A and U23B. The input of op-amp 23A is 
directly coupled to the output of the buffer U22C. It has 
capacitor C87, diode CR8, and resistor R39 in feedback. 
The output of U23A is also coupled through reverse 
diode CR9 to node 72. The lower op-amp U23B re 
ceives the output of buffer U22C through resistor R38. 
It has a similar output network coupled to node 72, 
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composed of capacitor C88, diodes CR10 and 
CR11,and resistor R40. The signal on line 72 is supplied 
across R42 to ground. R42 is tapped at an adjustable 
value, and connected across resistor R41 to line 73. The 
signal at line 73 is representative of the inverse of the 
magnitude of the injected noise; that is, the magnitude 
of the fluctuation in output power of the laser caused by 
the noise injected on line 14. 
As shown in FIG. 7, the signal on line 73 is coupled 

through a smoothing filter formed by op-amp U23C 
having capacitor C89, diode CR12, and resistor R43 in 
feedback. The output of U23C is supplied across resistor 
R44 to node 74. Node 74 is driven by op-amp U23D 
connected as a “artificial Zener diode', which insures 
that node 74 never drops below a small value of approx 
imately 0.7 volts in this embodiment. Op-amp U23D has 
its positive input driven by voltage divider formed by 
resistors R46 and R47. Its feedback network consists of 
capacitor C90 and diode CR13. 
Node 74 is coupled across resistor R45 to AGC line 

51 which controls the magnitude of the gain generated 
in multiplier U26C of FIG. 3, as described above. 
FIG. 7 also includes a network used to dampen oscil 

lation in the network. In this embodiment, a resonant 
frequency of about 3 KHz is found. The circuit serves 
to dampen oscillation at 3 KHz. The signal on line 50 is 
received from the output of the multiplier U26C of 
FIG. 3. It is supplied across resistor R48 to node 75. 
Node 75 is connected across capacitor C93 to ground 
and across capacitor C94 and resistor R49 to the invert 
ing input of op-amp U24A. Op-amp U24A is a filter 
tuned to about 3 KHz with resistor R50 and capacitor 
C95 in feedback. 
The output of the op-amp U24A is supplied through 

resistor R51 and capacitor C96 to a charge pump com 
prised of diodes CR14 and CR15 coupled across capaci 
tor C97. The output of the charge pump is coupled 
across resistor R55 to ground and through diode CR16 
and resistor R52 to the input of the controller op-amp 
U23C. Thus, if the loop starts to oscillate at 3 KHz, a 
signal developed in the charge pump will dampen the 
gain in the loop. 
The op-amp U24B receives the signal from the 

charge pump across resistor R53, at junction of CR16 
and R52. This op-amp U24B drives a light emitting 
diode DS1 which indicates oscillation in the network to 
a user of the system. Op-amp U24B has capacitor C98 
and resistor R54 in feedback. The light emitting diode 
DS1 is coupled between the output of the op-amp and 
resistor R57, which is coupled to ground. 
FIG. 8 illustrates an alternative configuration of the 

loop according to the present invention. Thus, the auto 
matic gain control element is removed. Also, the syn 
chronous error regenerator 30 is placed in a different 
location in the loop. In particular, synchronous error 
regenerator 30 is coupled to the output of the high pass 
filter 31. The input to the high pass filter 31 is a signal on 
line 23 from the output signal monitor 22. The output of 
the synchronous error regenerator is coupled across 
line 32 to the summing junction 24. 
The configuration of FIG. 8 is advantageous for re 

trofitting existing power supply systems with the syn 
chronous error correction capability of the present 
invention. This configuration will allow use of a syn 
chronous error regenerator circuit on an add-on board 
for existing systems. 
The synchronous error regenerator, according to the 

present invention, can be understood either in the time 

10 
domain or the frequency domain. In the time domain, 
the system chops the noise into N buckets (typically, 
N=48). In each bucket of time, an approximation of the 
error signal is stored on a capacitor. That error is in 

5 jected in the loop to drive the error closer to zero. 
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In general, for this design, a longer RC time constant 
means it takes longer to measure the synchronous error, 
but it is done so more accurately (R = resistance of resis 
tor 41, and C= capacitance of charge holding capacitor 
45-N of FIG. 2) 

In the frequency domain, the following observations 
can be made: 

1) The circuit attenuates all frequencies which are not 
DC or harmonics of the 60 Hz line. 

2) At DC, you have a low pass RC filter with an 
effective time constant of approximately N*RC, 
where N is the number of capacitors. 

3) Increasing the RC time constant narrows the band 
width. 

4) The phase shift of the output signal with respect to 
the input is zero at the harmonics, but swings 
wildly on either side. (magnitude of swings de 
pends on RC constant and harmonic number). The 
phase shift is zero because the voltage on any one 
capacitor is not changing very quickly and you see 
a resistive divider (zero phase shift) from input to 
output. 

The gist of all this is a compensation block with some 
very unusual gain and phase characteristics. Pure gain 
(20 dB, say) in front of the synchronous detector, will 
add that much gain to the loop at line-related noise 
frequencies-without having so much phase shift and 
gain at higher frequencies that the loop goes unstable, 
An alternative system may be implemented using 

digital signal processing. 
An algorithm for implementing a digital signal pro 

cessing embodiment is as follows: 

#define NSAMPS48/* number of times per 60 Hz period we 
sample"/ while (1) { 

x=ReadADC; 
yfindex=yindex)--alpha"(x-y(index)); 
WriteDAC(yindex)); 
index=index-l; 
if(index <0 then index=NSAMPS-1; 
wait for sync signal; 

This method is based on reading the output of an 
analog to digital converter (ADC), applying a digital 
filter, and converting the value to an analog signal in a 
digital to analog converter (DAC), in synchronism with 
the periodic noise. 
The frequency response of this algorithm (Bode plot; 

magnitude and phase response versus frequency) can be 
described by the following equation: 

1 - exp(-sT2) C. 
ST 1 -- (a - 1)exp(-sT) 

Y(s) - 
X(s) exp(-st) 

where: 
Tz="zero order hold’ time; in my case, 1/(60*48) 
T="algorithm sample time'; in my case, 1/60 
c=filter bandwidth constant 
T=computer processing delay (from ADC read to 
DAC write) 

The first term models the analog to digital converter 
ADC, the second term models the algorithm, and the 
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third accounts for computer delay. This algorithm has 
increasing phase shift with frequency, even if the com 
puter delay is zero. To insure stability, one should use 
the algorithm for a short while, then “turn it off and 
just use the computed yindex values. 

This digital algorithm may be modified to more 
closely model the analog implementation with a higher 
sampling rate as follows: 

#define NSAMPS 48 
#define NSUBSAMPS 10 
while (1) { 

x=ReadADC; 
yindex=ylindex-alpha"(x-yindex); 
WriteDAC(y); 
Sub-Sample index=sub-sample index-i; 
if(sub sample index <0) 

sub sample index=NSUB. SAMPS-1; 
index=index - i. 
if(index <0 then index=NSAMPS-1; 

wait for sync signal; 

This more closely models the analog implementation 
because the digital filter equivalent of an RC low pass 
filter is Yk=Yk--alpha(Xk-Yk-1), where: 
Yk is the output at time index k, 
Xk is the input at time index k, and alpha corresponds 

to the RC time constant. 
Note that this method is an RC filter between “major 

time periods' based on the index over NSAMPS, while 
this is an RC filter which also operates on “minor time 
periods' based on the index over NSUB. SAMPS. 
Measurements indicate a reasonable match between 

this and the analog implementation, but: 
1) there is still a "droop” in phase due to processing 

delay. This method may be unstable unless used in 
the measure and remember modementioned above 
and shown in FIG. 9. 

2) there is a phase offset of about 90 degrees. 
As shown in FIG. 9, the system may be modified to 

operate in a measure and remember mode. This imple 
mentation assumes that the error signal does not change 
for long periods of time. For line noise on lasers, that 
may be a reasonable assumption for only a few minutes. 
For a piece of rotating machinery at a well controlled 
frequency, it may be a good assumption for many min 
ulteS. 

As shown in FIG. 9, the control loop is basically the 
same as shown in FIG. 1. However, a synchronous 
error regenerator 30 based is placed in a different loca 
tion in the loop by way of example. Also, the synchro 
nous error regenerator is based on digital signal process 
ing, and includes switches 101 and 102 placed at the 
input to an analog to digital converter 30a on the input 
of the synchronous error regenerator 30, and the output 
of a digital to analog converter 30b on the output of the 
synchronous error regenerator 30, respectively. In the 
measure mode, a stored version of synchronous error is 
developed. In the remember mode, this stored version is 
used to control gain in the laser system. The system of 
FIG. 9 is implemented using a digital routine, with the 
advantage that the digital values do not discharge. The 
store and remember method can also be implemented 
with an analog version. However, the voltage on the 
capacitors gradually discharges with time. 
One can combine several copies of the synchronous 

error regenerator tuned for other frequencies. Thus, 
one could target non-harmonically related repetitive 
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12 
noise frequencies with separate synchronous error re 
generators in the same loop. One could use a first syn 
chronous error regenerator to attack 60 Hz line noise, 
and another to attack noise from a rotating piece of 
machinery in the environment. One could also tailor the 
frequency response within limits. 
As described above, the analog implementation pro 

vides excellent noise rejection for predictable, periodic 
noise, particularly as applied to laser systems. It is inex 
pensive to implement, not requiring digital signal pro 
cessing and the like, which drives up the cost of the 
servo loops involved. Accordingly, the present inven 
tion provides an economical and highly effective tech 
nique for reducing predictable, periodic noise in a servo 
loop. 
The foregoing description of preferred embodiments 

of the invention has been presented for purposes of 
illustration and description. It is not intended to be 
exhaustive or to limit the invention to the precise forms 
disclosed. Obviously, many modifications and varia 
tions will be apparent to practitioners skilled in this art. 
It is intended that the scope of the invention be defined 
by the following claims and their equivalents. 
What is claimed is: 
1. A controller for a laser system generating an out 

put beam subject to predictable noise, comprising: 
a power driver coupled to the laser system which 

supplies power to the laser system; 
an output signal monitor, coupled with the laser sys 
tem which generates a feedback signal indicating 
an output power for the laser system; 

a servo circuit, coupled to the output signal monitor 
and the power driver, which controls the power 
driver to compensate for noise reflected in the 
feedback signal, the servo circuit including re 
sources which develop a stored version of the pre 
dictable noise reflected in the feedback signal, and 
which use the stored version of the predictable 
noise to compensate for the predictable noise. 

2. The controller of claim 1, wherein said resources 
include sampling circuitry which samples the predict 
able noise reflected in the feedback signal to generate 
the stored version. 

3. The controller of claim 2, wherein the predictable 
noise is substantially periodic, and the sampling cir 
cuitry includes a circuit which generates a synch signal 
in time with the predictable noise, and the sampling 
circuitry samples the predictable noise in response to 
the synch signal. 

4. The controller of claim 3, wherein the sampling 
circuitry includes a plurality of charge storage devices 
responsive to the synch signal to sample and hold the 
stored version. 

5. The controller of claim 2, wherein the sampling 
circuitry converts the predictable noise to a digital form 
to develop the stored version. 

6. A laser system controller for a laser responsive to 
input power, which generates an output beam subject to 
predictable periodic noise, comprising: 

a power supply, responsive to a control signal and 
coupled to the laser which supplies the input 
power; 

a power sensor in the path of the output beam which 
generates a feedback signal indicating output 
power for the laser; and 

a servo circuit which generates an error compensa 
tion component of the control signal in response to 
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the feedback signal, coupled to the power supply 
and the power sensor, including 
a relatively broadband loop compensation network 

tending to cause the error compensation compo 
nent to cancel relatively broadband noise, 

sampling resources which develop a stored repre 
sentation of the predictable periodic noise in the 
feedback signal, and 

resources responsive to the stored representation 
tending to cause the error compensation compo 
nent to cancel the predictable periodic noise. 

7. The laser system controller of claim 6, wherein the 
relatively broad band compensation network includes 
resources which automatically adjust loop gain. 

8. The laser system controller of claim 6, wherein the 
sampling resources include a sample and hold network. 

9. The laser system controller of claim 6, wherein the 
sampling resources convert the predictable noise to a 
digital form to develop the stored version. 

10. The laser system controller of claim 6, wherein 
the sampling resources include: 

a plurality of charge storage devices, each having a 
first terminal connected to a reference potential 
and a second terminal; 

multiplexing circuitry, having a plurality of inputs 
coupled to the second terminals of the plurality of 
charge storage devices, which connects a selected 
input to an output which is coupled to a sample 
node receiving the feedback signal; 

control circuits which control the multiplexing cir 
cuitry to switch the plurality of inputs to the output 
in synchronism with the predictable periodic noise 
so that the stored version is developed in the plural 
ity of charge storage devices; and 

a loop summing junction coupled to the sample node 
which injects voltage developed at the sample 
node into the error compensation component. 

11. The laser system controller of claim 10, wherein 
the laser system controller is coupled to a source of 
alternating current electrical power having substan 
tially constant frequency, and the predicable periodic 
noise is a result of said source, and wherein the control 
circuits include timing circuitry which controls the 
multiplexing circuitry in response to the source of alter 
nating current electrical power. 

12. The laser system controller of claim 6, wherein 
the laser system controller is coupled to a source of 
alternating current electrical power having standard 
frequency, and the predicable periodic noise is a result 
of said source. 

13. The laser system controller of claim 11, wherein 
the timing circuitry includes a phase locked loop gener 
ating a clock signal having a frequency which is an 
integer N times the substantially constant frequency, so 
that the plurality of charge storage devices includes at 
least N devices to store at least one period of the pre 
dictable periodic noise. 

14. A laser system, comprising: 
a laser which generates an output beam in response to 

input power, the output beam subject to predict 
able periodic noise from a source a alternating 
current electrical power; 

a power supply, responsive to a control signal and 
coupled to the laser which supplies the input 
power; 

a power sensor in the path of the output beam which 
generates a feedback signal indicating output 
power for the output beam of the laser; and 
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14 
a servo circuit which generates an error compensa 

tion component of the control signal in response to 
the feedback signal, coupled to the power supply 
and the power sensor, including 
a relatively broadband loop compensation network 

tending to cause the error compensation compo 
nent to cancel relatively broadband noise, 

sampling resources which develop a stored repre 
sentation of the predictable periodic noise in the 
feedback signal, and 

Iesources responsive to the stored representation 
tending to cause the error compensation compo 
nent to cancel the predictable periodic noise. 

15. The laser system of claim 14, wherein the rela 
tively broad band compensation network includes re 
Sources which automatically adjust loop gain as gain in 
the system varies. 

16. The laser system of claim 14, wherein the sam 
pling resources include a sample and hold network. 

17. The laser system of claim 14 wherein the sampling 
resources convert the predictable noise to a digital form 
to develop the stored version. 

18. The laser system of claim 14, wherein the sam 
pling resources include: 

a plurality of charge storage devices, each having a 
first terminal connected to a reference potential 
and a second terminal; 

multiplexing circuitry, having a plurality of inputs 
coupled to the second terminals of the plurality of 
charge storage devices, which connects a selected 
input to an output which is coupled to a sample 
node receiving the feedback signal; 

control circuits which control the multiplexing cir 
cuitry to switch the plurality of inputs to the output 
in synchronism with the predictable periodic noise 
so that the stored version is developed in the plural 
ity of charge storage devices; and 

a loop summing junction coupled to the sample node 
which injects voltage developed at the sample 
node into the error compensation component. 

19. The laser system of claim 18, wherein the control 
circuits include timing circuitry which controls the 
multiplexing circuitry in response to the source of alter 
nating current electrical power. 

20. The laser system of claim 19, wherein the source 
of alternating current electrical power has a substan 
tially constant frequency, and the tining circuitry in 
cludes a phase locked loop generating a clock signal 
having a frequency which is an integer N times the 
substantially constant frequency, so that the plurality of 
charge storage devices includes at least N devices to 
store at least one period of the predictable periodic 
noise. 

21. The laser system of claim 14, wherein the laser 
comprises a laser tube having a cathode heated by cur 
rent from the source of alternating current electrical 
power. 

22. A laser system, comprising: 
an ion laser, having a cathode heated by a source of 

alternating current electrical power, which gener 
ates an output beam in response to input power and 
subject to noise from said source; 

a power supply, responsive to a control signal and 
coupled to the laser which supplies the input 
power; 

a power sensor in the path of the output beam which 
generates a feedback signal indicating output 
power for the laser; and 
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a servo circuit which generates an error compensa 
tion component of the control signal in response to 
the feedback signal, coupled to the power supply 
and the power sensor, including 
a relatively broadband loop compensation network 

tending to cause the error compensation compo 
nent to cancel relatively broadband noise, 

a plurality of charge storage devices, each having a 
first terminal connected to a reference potential 
and a second terminal, 

multiplexing circuitry, having a plurality of inputs 
coupled to the second terminals of the plurality 
of charge storage devices, which connects a 
selected input to an output which is coupled to a 
sample node receiving the feedback signal, 

control circuits which control the multiplexing 
circuitry to switch the plurality of inputs to the 
output in synchronism with the predictable peri 
odic noise so that the stored version is developed 
in the plurality of charge storage devices, and 
loop summing junction coupled to the sample 
node and the relatively broadband loop compen 
sation network which injects voltage developed 
at the sample node into the error compensation 
component. 

23. The laser system of claim 22, wherein the source 
of alternating current electrical power has a substan 
tially constant frequency, and the timing circuitry in 
cludes a phase locked loop generating a clock signal 
having a frequency which is an integer N times the 
substantially constant frequency, so that the plurality of 
charge storage devices includes at least N devices to 
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16 
store at least one period of the predictable periodic 
noise. 

24. The laser system of claim 22, wherein the rela 
tively broad band compensation network includes re 
Sources which automatically adjust loop gain as gain in 
the system varies. 

25. A retrofit component for a controller for a laser 
system generating an output subject to predictable, 
periodic noise, in which the controller includes a servo 
circuit, coupled to an output signal monitor generating 
a feedback signal and coupled to a power driver for the 
laser system, which controls the power driver to com 
pensate for noise reflected in the feedback signal, the 
retrofit component comprising resources, adapted to be 
connected to the servo circuit which develop a stored 
version of the predictable noise reflected in the feed 
back signal, and which use the stored version of the 
predictable noise to compensate for the predictable 
noise. 

26. The component of claim 25, wherein the sampling 
circuitry includes a circuit which generates a synch 
signal in time with the predictable noise, and the sam 
pling circuitry samples the predictable noise in response 
to the synch signal. 

27. The component of claim 26, wherein the sampling 
circuitry includes a plurality of charge storage devices 
responsive to the synch signal to sample and hold the 
stored version. 

28. The component of claim 26, wherein the sampling 
circuitry converts the predictable noise to a digital form 
to develop the stored version. 
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